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ABSTRACT 
 
Thermal Performance of Poly Alpha Olefin Nanofluid with Spherical and Non-spherical 
 
Nanoparticles. (May 2011) 
 
Chan Hyun Park, B.S., Hanyang University, Korea 
Chair of Advisory Committee: Dr. Jorge L. Alvarado 
 
 Research on nanofluids has been undertaken for several years because of the  
 
reported enhancements of thermal properties such as thermal conductivity and enhanced  
 
heat transfer performance in laminar flow. Nanofluid is the fluid where nanoparticles are  
 
dispersed in a base fluid. Thermal conductivity and viscosity are considered to be the  
 
most prominent factors in the efficient use of nanofluids. A change in thermal  
 
conductivity and viscosity also changes the convective heat transfer coefficient.  
 
Nanoparticles can be metallic or non-metallic and also can have different shapes. In this  
 
study, Poly-Alpha-Olefin (PAO) has been used as a base fluid with Alumina (Al2O3)  
 
nanoparticles. Poly-Alpha-Olefin is commonly used for engine lubrication in military  
 
applications and cooling in electronic and industrial devices. Several nanofluid samples  
 
were made by METSS Corp. in Ohio, USA using different dispersants, different base  
 
fluids and different morphology of alumina nanoparticles. The mass fraction of  
 
nanoparticles is from 2.5 to 20%. The thermal properties of each sample such as thermal  
 
conductivity and viscosity have been measured. Thermal conductivity of nanofluids and  
 
pure base fluids were both measured and the thermal conductivity enhancement has  
 
 iv 
been calculated. Also, the heat transfer coefficient has been determined for laminar flow  
 
under constant heat flux conditions.   
 
            Results indicate that all the tested nanofluids and base fluid samples show a  
 
Newtonian behavior. Among the nanofluid samples, NF-048, which contains non- 
 
spherical Alumina nanoparticles exhibits the greatest thermal conductivity enhancement  
 
when compared to pure PAO. Heat transfer tests were conducted with pure PAO and  
 
NF-048, and an enhancement in convective heat transfer coefficient was observed. The  
 
thermal conductivity of NF-048 increases with temperature, which is consistent with  
 
heat transfer results. Furthermore, the percentage enhancement in convective heat  
 
transfer coefficient was shown to increase non-linearly with the axial distance in the heat  
 
transfer section. NF-048 exhibits a lower Re (Reynolds number)*Ra (Rayleigh number)  
 
than pure PAO under laminar flow constant heat flux conditions indicating that  
 
nanoparticle morphology and composition are the two main factors responsible for  
 
convective heat transfer enhancement at low Reynolds number. 
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NOMENCLATURE 
 
 
A Inner surface area of the copper tube 
pc                                Specific heat of the fluid  
bfc                                Specific heat of basefluid 
Di Inside diameter of copper tube of heat transfer section 
Dt                                               Translational diffusion coefficient 
F Fraction of D.C. power used to heat fluid in the test section 
g                                  Gravitational acceleration 
h(x) Convective heat transfer coefficient at a distance, x from the inlet  
i Current through the coil 
k Thermal conductivity of the medium 
L Effective length of the spindle 
m  Mass flow rate of the fluid in the test section 
N Rotational speed of the spindle 
P Perimeter of the copper tube 
q  Rate of heat dissipation 
sq   Heat flux applied to the fluid 
q                                  Magnitude of the scattering wave vector 
R Total resistance of the coil 
Rc Radius of the sample container 
 viii 
Rsp Radius of the spindle  
t Time 
)(xTs  Surface or wall temperature at a distance, x from the inlet 
)(xTb  Fluid bulk temperature at a distance, x from the inlet 
ΔT                               Temperature difference (= )(xTs - )(xTb ) 
ibT ,  Fluid bulk temperature at the inlet 
obT ,  Fluid bulk temperature at the outlet 
θ                                  Scattering angle 
kB                                                Boltzmann‘s constant 
x Axial distance from the inlet of the test section 
 
Greek symbols 
  Thermal diffusivity of the medium 
 β                                 Thermal expansion coefficient  
nf  Effective viscosity of the nanofluid 
  Particle volume fraction in the dispersion 
b  Viscosity of the base fluid 
  Decay time 
  Shear rate 
   Yield shear stress 
  Angular speed of the spindle 
 ix 
  Dynamic viscosity  
                                  Kinematic viscosity  
                                  Density of nanofluid 
p                                 Density of nanoparticle 
bf                                Density of basefluid 
 
Dimensionless group 
Z
+
                                 Dimensionless axial distance = x/Di.Re.Pr 
Gr                                Grashof number = gβDi
3
 ΔT / 2  
Nu                                Nusselt number = h. Di /k  
Pr  Prandtl number = μ. pc /k 
Re  Reynolds number = ρ.ν. Di /μ 
Pe                                 Peclet number = Re.Pr 
Ra                                 Rayleigh number = Gr.Pr 
 
Subscripts 
b Bulk 
c Container 
f Fluid 
i Inlet 
o Outlet 
 x 
p Particle 
sp Spindle 
s Surface 
 
Acronyms 
CNT Carbon nanotube 
DLS Dynamic light scattering 
MWCNT                     Multi-walled carbon nanotube 
NNLS                          Nonnegative least squares method 
PAO Poly-Alpha-Olefin  
SWCNT Single-walled carbon nanotube 
TEM Transmission electron microscopy 
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CHAPTER I 
 
INTRODUCTION 
 
 
            High thermal performance of heat transfer fluids is required in heat transfer  
 
applications such as in automobiles, electronic equipment, and space and military  
 
equipment. As the heat load in those technological applications continues to grow, the  
 
importance of cooling is emphasized even more. Depending on the size of the system  
 
and its specific needs, different cooling schemes should be applied accordingly. In small  
 
heat transfer systems, higher cooling efficiency is needed to manage considerable dense  
 
thermal loads. Among the physical limitations encountered in those systems include  
 
small heat transfer surface area and limited volume of coolant to dissipate considerable  
 
high heat loads. Such conditions make the development of nanofluids even more  
 
important. Several ideas have been proposed to resolve this issue. One of the ideas is to  
 
use nanoparticles and disperse it into a base fluid. Nanoparticles can be metallic or non- 
 
metallic and they can be spherical or non-spherical. Carbon nanotube, copper oxide and  
 
Alumina nanoparticles are the most obvious examples. Mostly, nanoparticles should be  
 
highly thermally conductive to ensure higher thermal conductivity of nanofluids.  
 
            In this study, the thermal properties of several nanofluids samples were measured.  
 
Nanofluid samples containing Alumina nanoparticles with different shapes and sizes  
 
were used to determine their effects on thermal conductivity and viscosity. Different  
 
 
 
____________ 
This thesis follows the style of ASME Journal of Heat Transfer.  
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kinds of dispersant were used with different concentration of nanoparticles. It is  
 
expected that the thermal properties of each sample would be different. Few publications  
 
have addressed the thermal enhancement of Poly-Alpha-Olefin (PAO) using  
 
nanoparticles.  This study can be beneficial for providing ideas when developing new  
 
nanofluids using Poly-Alpha-Olefin. Through the analysis of the results, the mechanisms  
 
responsible for enhancing thermal conductivity in PAO-based nanofluids can be exposed  
 
clearly by taking into account the effects of nanoparticle size, shape and concentration.  
 
By comparing different PAO-based nanofluids that use different types of Alumina  
 
nanoparticles, it is possible to understand what it takes to make a highly efficient PAO- 
 
based nanofluid. The dispersant is another factor that controls the reliability and stability  
 
of nanofluids. Even if nanofluids exhibit high thermal conductivity, they must be stable  
 
and nanoparticles must remain suspended for a considerable amount of time.  
 
Furthermore, thermal properties should not be considered separately since each property  
 
has a significant influence on other properties.  
  
            Most of research group working in nanofluids have used spherical-type  
 
nanoparticles. There are still few studies about the different type nanoparticles that can  
 
be used to make PAO-based nanofluids. It has been reported that different spherical  
 
shape alumina nanoparticles dispersed in PAO showed comparatively similar  
 
enhancement in thermal conductivity. A recent study looks into the effects of Alumina  
 
nanoparticle on PAO for different concentration, shape of nanoparticles and different  
 
kinds of thermal conductivity measuring devices [1]. The current work is helpful in  
 
providing new data obtained through the use of an optimized thermal conductivity  
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device, which shows good agreement with the results from the benchmark study [1].   
 
In addition, nanofluid samples used in this work have been found to be stable for a long  
 
period of time, which exhibit minimal agglomeration problems.  This study could help in  
 
determining optimum conditions for efficient heat transfer behavior by taking into  
 
account not just concentration of Alumina nanoparticles, but also their morphology and  
 
size. Furthermore, limited experimental data is available for the convective heat transfer  
 
behavior of PAO-based nanofluid in laminar flow since most research groups have  
 
usually focused on measuring viscosity or thermal conductivity alone. The effects of  
 
nanoparticle morphology on laminar flow heat transfer needs to be understood to  
 
accurately predict their behavior in other heat transfer applications. Combined with other  
 
measurements such as viscosity and thermal conductivity, investigating convective heat  
 
transfer behavior could make it possible to understand the effects of using of Alumina  
 
PAO nanofluids in real heat transfer application.  
 
            The thesis comprises of six chapters. The first chapter presents introduction and  
 
the motive of the research. The second chapter is the literature review and explains what  
 
has been done in the area of nanofluids and its relevance to the current study. The third  
 
chapter describes the experimental plan and experimental set-up, and the fourth chapter  
 
includes the results obtained from the TEM, DLS imaging, viscosity, thermal  
 
conductivity and convective heat transfer coefficient measurements. The last chapter  
 
consists of concluding remarks and suggestion for future work.  
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CHAPTER II 
 
LITERATURE REVIEW 
 
 
            There are not many studies which dealt with aluminum oxide nanoparticles in 
PAO. Therefore, other studies which dealt with aluminum oxide in different base fluids 
or different nanoparticles in PAO were also surveyed to compare and clarify the thermal 
properties of aluminum oxide in PAO. Then, especially for nanofluid containing 
aluminum oxide in PAO, some of its properties such as thermal conductivity, viscosity, 
and convective heat transfer behavior have been measured and compared to conventional 
models. Additionally, the mechanisms behind these behaviors have been explained by 
each research group.  
 
2.1. Nanofluids containing Al2O3 nanoparticles in PAO 
 
 
            Buongiorno et al. [1] performed a series of studies on the thermal conductivity of  
 
several nanofluids samples.  Identical samples were distributed to several research  
 
groups as part of a benchmark study to determine the thermal conductivity of Alumina- 
 
based PAO nanofluids. Alumina nanoparticles with different concentration and shapes  
 
were suspended in PAO and water, and the data from each group was compared,  
 
respectively. Each group used different thermal conductivity measuring device such as  
 
the KD2 Pro, THW (Transient hot wire method), parallel hot plate, and hot disk. The  
 
result showed that the thermal conductivity increased the most at a higher concentration  
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of non-spherical nanoparticles. Also, it became evident that nanoparticle concentration  
 
should be over a certain limit to exhibit a significant thermal conductivity enhancement.  
 
The enhancement rate was higher for PAO nanofluid than water.  
 
            Schmidt et al. [2] measured the shear and longitudinal viscosity of alumina  
 
nanoparticles in C10H22 (decane) and PAO (Synfluid 4cSt) as a function of volume  
 
fraction. They used impulsive stimulated thermal scattering (ISTS), which made it  
 
possible to measure both viscosity and thermal conductivity concurrently. According to  
 
their results, viscosity of their nanofluid exceeded the values predicted by the Einstein  
 
model. It was concluded that particle aggregation was not the cause for the discrepancy  
 
between Einstein model and experimental data since the both fluids were highly diluted.   
 
Brownian motion was proposed as a possible mechanism which could explain the  
 
difference in thermal conductivity enhancement.  Schmidt et al. [3] conducted a similar  
 
study by using different methods to measure thermal conductivity.  They used the  
 
transient hot-wire method and optical grating. The results from both methods were well  
 
matched and they found that 1 vol. % Al2O3-decane nanofluid exhibited a 10.5%  
 
enhancement in thermal conductivity while 1 vol. % Al2O3-PAO showed only a 5%  
 
enhancement, which is above the estimated enhancement of 3% according to the  
 
continuum theory [4]. Chiesa et al. [5] also showed that thermal conductivity  
 
enhancement of Al2O3-PAO fluid was greater than expected by the effective medium  
 
theory.  
 
            Zhou et al. [6] examined the effect of shear rate and temperature on viscosity of  
 
nanofluids consisting of alumina nanospheres and nanorods in PAO fluid. Nanofluids  
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with 1 vol. % and 3 vol. % samples were used. For each concentration, two different  
 
shapes of nanoparticles were used including nanospheres and nanorods. They found that  
 
3 vol. % of Alumina nanorods in PAO fluid resulted in a non-Newtonian shear thinning  
 
viscosity behavior. Moreover, the relative viscosity of the nanofluid decreased as  
  
temperature increased.  It became obvious that relative viscosity is temperature  
 
independent only at low volume fraction and low aspect ratio of the nanoparticles.  
 
 
 
2.2. Nanofluids containing Al2O3 nanoparticles in different base fluids 
 
 
 
            Heris et al. [7] measured the convective heat transfer of Al2O3-water nanofluid  
 
and it was shown that heat transfer coefficient of nanofluid increased with particle  
 
concentration. They explained that the enhanced heat transfer coefficient could not only  
 
be attributed to enhanced thermal conductivity but also to the role of Brownian motion  
 
and particle agglomeration.  Fischer et al. [8] also studied the convective heat transfer of  
 
Al2O3-water nanofluid, and they found that surface tension worsens the thermal  
 
performance at low Reynolds number.  However, the effect of nanoparticles in  
 
microchannels was not significant since the thermal performance was enhanced only  
 
3~5%. The low heat transfer enhancement was attributed to the effective low interfacial  
 
tension induced by nanoparticles. They suggested using bubble flow for efficient heat  
 
transfer. 
 
            Li et al. [9] investigated the effect of temperature and volume fraction on the  
 
effective thermal conductivity of CuO-water and Al2O3-water nanofluids.  6% CuO  
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nanofluid showed a 50% increase in the thermal conductivity of distilled water, while  
 
10% Al2O3 nanofluid showed only a 30% time enhancement.  It was shown that the  
 
effective thermal conductivity was affected by both temperature and volume fraction;  
 
however, the effect of volume fraction was stronger than that of temperature.  They also   
 
explained the two main effects of nanoparticles in nanofluids, the high thermal  
 
conductivity of nanoparticles and their Brownian motion.  
 
            Zhang et al. [10] studied the effect of different nanoparticle shapes. They  
 
measured the effective thermal conductivity and thermal diffusivity of Au-toluene,  
 
Al2O3-water, TiO2-water, CuO-water and CNT-water nanofluids.  They found that there  
 
was no anomalous enhancement in thermal conductivity and the values followed the  
 
Hamilton-Crosser model at lower volume fraction well for spherical nanoparticles.  
 
Al2O3-water nanofluid showed lower thermal conductivity than that from H-C model  
 
above 5 vol. %. They argued that it was due to the settling of particles at high volume  
 
fractions. They also indicated that the changes in thermal conductivity with temperature  
 
depends more on the thermal conductivity of the base fluid than other nanoparticles. 
 
            Nguyen et al. [11] studied the effect of temperature and volume fraction on  
 
viscosity of Al2O3-water nanofluid with two different particle sizes. They found that  
 
viscosity was affected by temperature, volume fraction and particle size.  Particle size  
 
was found to affect the viscosity significantly at higher volume fraction.  It was  
 
concluded that classical model like Einstein‘s equation can be applied to nanofluids with  
 
low volume fraction.      
 
            Tavman et al. [12] measured thermal conductivity and viscosity of SiO2-water,  
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TiO2-water and Al2O3-water nanofluids.  The thermal conductivity was measured by 3-ω  
 
method and it is relatively in good agreement with the Hamilton-Crosser model. The  
 
increase was independent of temperature. They also noted that thermal conductivity of  
 
Al2O3-water nanofluid was higher than that of TiO2-water nanofluid even though TiO2  
 
nanoparticles are more thermally conductive thatAl2O3 nanoparticles. It is concluded that  
 
not only nanoparticles but also other factors can affect overall thermal conductivity. The  
 
viscosity results agreed well with Einstein law of viscosity at lower volume fraction only. 
 
            Chandrasekar et al. [13] examined the effective thermal conductivity and  
 
viscosity of Al2O3-water nanofluid, and it was shown that thermal conductivity increased  
 
linearly depending on volume fraction; however viscosity increased in a non-linear  
 
fashion. They attributed this behavior to the interaction between particles and fluid at  
 
higher concentration.  
 
            Beck et al. [14] measured thermal conductivity of Al2O3-water, ethylene glycol  
 
with particle ranging from 8 to 282 nm in diameter. It was shown that the thermal  
 
conductivity enhancement decreased as the particle size decreased below about 50 nm.  
 
The enhancement was independent of size over 50 nm, but decreased considerably for  
 
nanoparticles less than 50 nm in diameter. The effect of smaller nanoparticles (< 50 nm)  
 
on thermal conductivity was attributed to an increase in phonon scattering at the solid- 
 
liquid interface. Yu et al. [15] used a modified Maxwell model, which includes an  
 
interfacial layer effect and found that the effect of nanolayer on thermal conductivity  
 
becomes larger when the particle diameter is less than 10 nm. Thermal conductivity  
 
enhancement decreased as particle size approached to 10 nm and was almost constant  
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after 10 nm. Their results contradict the results of the previous study [14].  
 
            Timofeeva et al. [16] found that the thermal conductivity enhancement was  
 
independent of the temperature. They noted that the agglomeration state changed as time  
 
passed. They also estimated that the effect of Brownian motion was less than that of heat  
 
diffusion between particles and fluid. Non-spherical nanoparticles caused higher thermal  
 
conductivity enhancement than spherical particles. They concluded that surface  
 
(Kapitza) resistance is the main factor that results in lower thermal conductivity than the  
 
parameters accounted by the effective medium theory. The geometry and agglomeration  
 
states were also thought as the critical factors that affect thermal conductivity. 
 
            Kumar et al. [17] found that thermal conductivity enhancement is inversely  
 
proportional to the particle radius. Chon et al. [18] concluded that Brownian motion is  
 
the key factor that affects thermal conductivity enhancement with increasing temperature  
 
and decreasing particle size. Prasher et al. [19] also chose Brownian motion as the main  
 
reason for thermal conductivity enhancement.  
 
            Xie et al. [20] argued that thermal conductivity enhancement increased as  
 
interfacial nanolayer thickness increased and particle size decreased. Conversely, Xue et  
 
al. [21] concluded that the liquid layering had negligible effect on thermal properties.  
 
They used a simple (monoatomic) liquid for molecular dynamic simulation to justify  
 
their observation but did not take into account complex fluids such as water might to  
 
explain their different behavior. Das et al. [22] indicated that thermal conductivity  
 
enhancement matched well the Hamilton-Crosser model only at room temperature, and  
 
as temperature increased, the enhancement increased. 
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            Wen et al. [23] investigated the convective heat transfer of Al2O3-water  
 
nanofluid. The enhancement in convective heat transfer was especially significant in the  
 
entrance region and decreased as axial distance increased. Not only thermal conductivity  
 
but also particle migration resulted in a decreased thermal boundary layer thickness,  
 
which was used to explain the enhancement. Thermal developing length was greater than  
 
that of pure base fluid and increased with increasing particle loading.  
 
 
 
2.3. PAO nanofluids with different nanoparticles 
 
 
 
            Shaikh et al. [24] used carbon nanotubes (CNTs), exfoliated graphite (EXG), and  
 
heat treated nanofibers (HTT) and treated with PAO fluid. For thermal conductivity and 
 
thermal diffusivity measurement, they used the laser flash method. CNTs in PAO fluid  
 
showed the highest enhancement in thermal conductivity, which was about 161% at 1  
 
vol. %. Hong et al. [25] also studied PAO nanofluids using high concentration carbon  
 
nanotubes (CNTs). They tested multi-wall CNTs and single-wall CNTs without  
 
surfactant. A 11 wt% (7 vol. %) of single-wall CNTs showed a 60~70% thermal  
 
conductivity enhancement.  It became obvious that different lengths and diameters of  
 
nanotubes did not affect the properties in carbon nanotubes grease. CNTs were also  
 
mixed with Fe2O3 to see if there was a time-dependent magnetic field effect on CNTs  
 
grease. For different Fe2O3 concentration, thermal conductivity remained constant as  
 
time passed. They concluded that CNTs and Fe2O3 movement is constrained by the  
 
three-dimensional network arrangement of CNT.  
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            Hwang et al. [26] used multi-walled carbon nanotube (MWCNT), fullerene,  
 
copper oxide, silicon dioxide and silver in several base fluids including PAO. Thermal  
 
conductivity was measured by the transient hot-wire method. It was concluded that the  
 
thermal conductivity enhancement depends on the thermal conductivity of particles.  
 
Fullerenes were able to suspend well in oil due to their non-polar nature.  However,  
 
pressure drop increased by 225%.  
 
            Choi et al. [27] reported a non-linear trend of thermal conductivity enhancement  
 
for MWCNT in PAO contrary to classical model. Thermal conductivity was measured  
 
by THW method and showed 150% enhancement at 1 vol. %, which is similar to the  
 
study done by Shaikh et al. [24]. The assumed ballistic conduction was due to the large  
 
phonon mean free path present in nanotubes. Other factors such as liquid layering  
 
around particles and particle interactions from high aspect ratio have been suggested to  
 
facilitate energy transport. Yang et al. [28] investigated CNT-PAO nanofluid thermal  
 
conductivity and viscosity and concluded that among the many mechanisms,  
 
nanoparticle clustering affect heat transfer the most.  
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Table 1. Comparison of published thermal conductivity data of nanofluids (at room 
temperature) 
Nanofluid 
composition 
Particle 
description 
Particle 
size 
(diameter
, nm) 
Particle 
concentration 
% 
Enhanceme
nt in 
thermal 
conductivit
y over the 
base fluid 
(measured) 
Exceeds 
Maxwell 
or 
Hamilton 
Crosser 
model 
Ref. 
Al2O3 + 
PAO 
Spherical 10 1 vol.% 3.9 
No 
(agree) 
[1] 
Spherical 10 3 vol.% 12.1 
No 
(agree) 
[1] 
Cylindrical 80×10 1 vol.% 5.1 
No 
(agree) 
[1] 
Cylindrical 80×10 3 vol.% 17.6 
No 
(agree) 
[1] 
Spherical 20 1 vol.% 5 Yes [3] 
Spherical < 80 1 vol.% 5 Yes [5] 
Al2O3 + 
water 
Spherical 36 10 vol.% 30 Yes [9] 
Spherical 20 5 vol.% 15 
No 
(agree) 
[10] 
Spherical 20 15 vol.% 20 No (less) [10] 
Spherical 30 1 vol.% 1.5 No (less) [12] 
Spherical 43 1 vol.% 3 N/A [13] 
Spherical 11 1 vol.% 7 N/A [18] 
Spherical 47 1 vol.% 3 N/A [18] 
Spherical 47 4 vol.% 10 N/A [18] 
Spherical 150 1 vol.% 2 N/A [18] 
Spherical 38.4 0.04 vol.% 7 Yes [19] 
Spherical 13 0.04 vol.% 28 Yes [20] 
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Table 1. Continued 
Nanofluid 
composition 
Particle 
description 
Particle 
size 
(diameter, 
nm) 
Particle 
concentration 
% 
Enhancement 
in thermal 
conductivity 
over the base 
fluid 
(measured) 
Exceeds 
Maxwell 
or 
Hamilton 
Crosser 
model 
Ref. 
Al2O3 +  
water 
Spherical 38.4 1 vol.% 2 
No 
(agree) 
[22] 
Spherical 38.4 4 vol.% 9.4 
No 
(agree) 
[22] 
Spherical 27~56 0.01 vol.% 6.5 Yes [23] 
Spherical 38 0.04 vol.% 9 
No 
(agree) 
[41] 
Spherical 80 1 vol.% 4.5 Yes [55] 
Spherical 150 1 vol.% 3 Yes [55] 
Spherical 80 0.5 vol.% 4 Yes [55] 
Spherical 80 1 vol.% 7 Yes [55] 
Al2O3 + 
Ethylene 
glycol 
Spherical 38.4 0.04 vol.% 12 Yes [19] 
Cylindrical 10~15 1 vol.% 161 Yes [24] 
Spherical 10 5 wt.% 10 Yes [35] 
Spherical 38 0.04 vol.% 13 
No 
(agree) 
[41] 
Al2O3 + 
propanol 
Cylindrical 1~2 7 vol.% 60~70 N/A [25] 
CNT +  
PAO 
Cylindrical 10~30 0.5 vol.% 8.5 N/A [26] 
Cylindrical 25 1 vol.% 150 Yes [27] 
Cylindrical N/A 0.1 vol.% 20 N/A [28] 
 
 
            As seen in Table 1 above, the reported enhancement in thermal conductivity was  
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not perfectly matched with theoretical model. Nevertheless, PAO nanofluids consisting  
 
of alumina nanoparticles show less deviation in thermal conductivity enhancement  
 
compared to other nanofluids.  However, a full understanding of PAO-based nanofluids  
 
still is lacking.  A study of alumina-based PAO nanofluids is needed to understand the  
 
effects of nanoparticle shape and concentration on thermal conductivity, viscosity and  
 
heat transfer performance. 
 
 
2.4. Past research on viscosity of Al2O3 based PAO nanofluids 
 
 
 
            Viscosity is one of the most important thermal properties of any nanofluid. It is  
 
correlated with convective heat transfer and is regarded as one of the most important  
 
factors that affect heat transfer performance since the pumping power can increase  
 
greatly as viscosity increases. In the analysis of heat transfer, viscosity play an  
 
important role in deciding channel specification such as how much fluid should flow and  
 
what condition should be given in a flow. For example, higher thermal performance is  
 
required and it might need higher concentration of nanofluid which might come at the  
 
expense of higher viscosity as well as more pumping power. Therefore, some  
 
adjustments are required to increase heat transfer effectiveness. Viscosity is measured  
 
with other parameters such as particle volume fraction, shear rate mostly and in some  
 
cases, with temperature. Viscosity studies about Alumina nanofluid have been  
 
performed by many different research groups but limited for PAO base fluid. Many  
 
viscosity data have been compared with conventional model including the Einstein  
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viscosity model as shown below 
 
 
bnf  )5.21(                                           (2.1) 
 
 
where nf ,  and b  are effective viscosity of the nanofluid, particle volume fraction,  
 
and viscosity of the base fluid, respectively.  However, some papers argue that the  
 
Einstein viscosity model does not explain the viscosity trend in some cases. It is  
 
indicated that Einstein equation is only applicable for spherical particle in volume  
 
loading less than 5% [7]. Several other models for viscosity of nanofluids are described  
 
in [8], [13]. Schmidt et al. [2] measured the shear and longitudinal viscosity of Alumina  
 
dispersed in PAO (Synfluid 4cSt) as a function of volume fraction. It was found that the  
 
viscosity enhancement values exceeded the Einstein model values. Brownian motion  
 
might have affected the viscosity trend due to the low possibility of particle aggregation.  
 
Zhou et al. [6] investigated the effect of shear rate and temperature on viscosity of  
 
Alumina dispersed in PAO fluid. At 1% and 3% volume concentration, nanosphere and  
 
nanorod shapes were used and those samples were the same used for the benchmark  
 
study [1]. It was shown that for the same volume concentration, the viscosity of  
 
nanofluid with nanorod is higher than that of nanosphere due to the larger aspect ratio  
 
of rods. As the volume fraction increased, the viscosity increased which is consistent  
 
with previous studies [1]. Compared to nanofluid with nanosphere, nanorods showed  
 
clear non-Newtonian behavior. Particle aggregation was the main reason for the non- 
 
Newtonian behavior. At high shear rate, the disruption of might have cause a shear  
 
thinning behavior. It can be concluded that higher aspect ratio of nanorods cause higher  
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viscosity as well as much more aggregation. Nanofluid with 3% nanorod particles  
 
showed non-Newtonian behavior and the viscosity decreased as the temperature  
 
increased. It was also found that the viscosity was independent of temperature- 
 
independent at low volume fraction. Even nanofluids with nanorods were not affected by  
 
temperature at low volume fraction.  
 
            In this study, different viscosity data has been gathered from base fluids and  
 
nanofluids samples. Viscosity-Shear rate and Viscosity-temperature data has been  
 
compared each other.  
 
 
 
2.5. Past research on thermal conductivity of Al2O3 based PAO nanofluids 
 
 
 
            Heat transfer performance is evaluated using mainly the heat transfer coefficient  
 
or Nusselt number. Those factors are correlated with thermal conductivity. Thus, for  
 
judging the heat transfer behavior of nanofluids, thermal conductivity should be  
 
measured first. Most of studies about nanofluids focus on thermal conductivity  
 
measurement only. Thermal conductivity enhancement has been studied taking into  
 
account the effect of volume concentration, particle size, particle shape, base fluid and  
 
temperature. Different kinds of conventional models of effective thermal conductivity of  
 
nanofluids are described in [19], [27], [29], and [30].  
 
            The benchmark study [1] showed that the data gathered from 34 organizations  
 
was similar regardless of measuring technique and was well-matched with the effective  
 
medium theory developed by Maxwell and generalized by Nan et al. [31]. The effect of  
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particle geometry and finite interfacial resistance was taken into account. The thermal  
 
conductivity increased as the particle loading and aspect ratio increased. No anomalous  
 
thermal conductivity enhancement was found in this study so other mechanisms such as  
 
Brownian motion, liquid layering and aggregation were somewhat disqualified to  
 
explain the thermal conductivity enhancement. Other studies [3, 5] observed a 5%  
 
thermal conductivity enhancement at 1% volume fraction independent of particle size.  
 
Schmidt et al. [3] investigated that 1 vol. % Al2O3-PAO showed a 5% enhancement,  
 
which is above the estimated enhancement of 3% according to the continuum theory.  
 
Brownian motion or other mechanisms are suspected to be involved in thermal  
 
conductivity which bring about discrepancies with the effective medium model. Chiesa  
 
et al. [5] used THW method and determined that a thermal conductivity enhancement of  
 
5% was higher than that predicted by the effective medium theory. They also performed  
 
non-destructive breakdown tests to figure out what conditions the nanofluid losses it  
 
insulating properties as a dielectric fluid. The dielectric strength of nanofluid was also  
 
found to be dependent on particle loading. For Al2O3-PAO nanofluid, the minimum  
 
time-to breakdown for all tested voltages was found at 0.5% volume loading. At higher  
 
volume loading, the time-to-breakdown was shorter. It was concluded that generally, the  
 
addition of particles in base fluids worsens the overall dielectric strength.  
 
            The mechanism behind thermal conductivity enhancement in Alumina nanofluid  
 
has not been completely verified yet. There are many explanations about the  
 
enhancement of thermal conductivity in nanofluids such as Brownian motion, interfacial  
 
layering, ballistic heat transport, interfacial thermal resistance and particle clustering.   
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Keblinski et al. [32] chose the ballistic heat transport and clustering effect as the main  
 
factors to determine thermal properties. zerinç et al. [33] reported in the review paper  
 
that the effect of particle size on the thermal conductivity of nanofluids is not clear since  
 
there are some disagreeable results among several research groups. It shows the  
 
conflicting concept between Brownian motion and particle clustering. It is also said that  
 
clustering can be correlated with the kind and quantity of additives, and the pH value of  
 
nanofluid. Not all the experimental data from each group is well matched with  
 
theoretical data from classical model for thermal conductivity. Prasher et al. [34] found  
 
that aggregation can increase thermal conductivity only if aggregation is well dispersed  
 
before large aggregates are formed. It indicates that there is some optimum extent of  
 
aggregates for effective heat transport. They also noted the importance of other factors  
 
such as the Hamaker constant, the ζ potential, pH, and ion concentration.  
 
 
 
2.6. Past research on convective heat transfer of Al2O3 based PAO nanofluids 
 
 
            Compared to thermal conductivity, there are few papers that discuss convective  
 
heat transfer behavior of Alumina nanofluid. Sommers et al. [35] studied Al2O3  
 
nanoparticles suspended in propanol. Propanol was chosen because it has a low thermal  
 
conductivity similar to that of PAO so that similar results could be assumed for PAO.  
 
Measurements of density, specific heat, thermal conductivity, and viscosity were  
 
obtained. All other factors except viscosity showed a linearly increasing behavior as the  
 
particle loading increased. Heat transfer coefficient was also measured for both propanol  
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base fluid and nanofluid after adding nanoparticles. It was indicated that a significant  
 
heat transfer coefficient enhancement was found at 1 wt.%, but its thermal performance  
 
worsened at 3 wt.%. Recycled fluid at high flow rate and increased temperature was  
 
discolored and nanoparticle abrasion was found to cause those changes. They concluded  
 
that increasing surface area and reducing the thermal boundary layer might be better than  
 
using nanoparticles. Still, the use of nanofluid is required to verify the enhanced thermal  
 
performance at low mass fraction. 
 
            Fischer et al. [8] measured the convective heat transfer of Al2O3-water and  
 
Al2O3-PAO nanofluid, and they concluded that bubble flow in microchannel could  
 
provide more efficient heat transfer than single phase flow. It was revealed that  
 
suspended particles in single liquid flow of PAO increased the Nusselt number by 12%  
 
even though pressure drop increases up by 44%. Using nanoparticles of higher viscosity  
 
is regarded as an efficient way to improve thermal performance. 
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CHAPTER III 
 
EXPERIMENTAL DESIGN 
 
            This chapter includes the experimental objectives, the description of the  
 
experimental set-up for measuring viscosity, thermal conductivity, and convective heat  
 
transfer coefficient of samples as well as particle size data.  
 
 
 
3.1. Objectives and methodology 
 
 
 
            The objective of this study was to analyze the thermal properties of nanofluids  
 
containing alumina nanoparticles, which have different morphology and study the  
 
specific thermal phenomena of Alumina nanofluids. There are many mechanisms that  
 
have been proposed for explaining the thermal property changes of nanofluids including  
 
the effects of particle size, particle shape and temperature. Past results have revealed that  
 
even for the same nanofluid, some research group has obtained different results. There  
 
have been many studies for Al2O3-water nanofluids but very few for Al2O3-PAO  
 
nanofluid. Using different shape and size of nanoparticles, and temperature, thermal  
 
properties have been measured and analyzed.  To meet the overall objectives, several  
 
tasks were undertaken and are summarized below: 
 
 
 
1. Analysis of nanoparticles in nanofluids 
 
a. Nanoparticles in samples have been characterized using transmission electron  
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                  microscopy (TEM) and dynamic light scattering (DLS). 
 
b. The information about different size and shape of nanoparticles has been  
 
            recorded and analyzed.  
 
2. Viscosity measurement of nanofluids 
 
a. Viscosity of base fluids and nanofluids using a rotating spindle Brookfield       
 
                  viscometer has been measured to determine the relative change in viscosity  
 
                  caused by addition of nanoparticles. 
 
b. The temperature has been varied between at 25 and 45 ° C. 
    
c. The experimental data was compared with the theoretical viscosity model to  
 
                  understand the effect of nanoparticles on viscosity.  
 
3.  Thermal conductivity measurement of nanofluids 
 
a. Transient hot-wire (THW) was used to measure thermal conductivity. 
b. THW has been calibrated using pure PAO to find out the optimum condition 
under which thermal conductivity can be found accurately.  
c. The temperature was set at 25 and 45 ° C.  
d. The experimental values were compared with that of pure PAO to investigate 
the relative enhancement in thermal conductivity.  
4. Investigation of convective heat transfer behavior of nanofluids 
a. Laminar heat transfer loop has been calibrated and the surface temperature 
under constant heat flux condition has been recorded. 
b. Flow rate was controlled using two syringes.  
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c. Convective heat transfer enhancement values were compared with that of 
pure PAO to find out the relative enhancement as a function of axial distance 
and temperature.  
 
3.2. Set-up description 
 
 
 
            This part explains about the details of the experimental set-up used for measuring  
 
nanoparticle size, viscosity, thermal conductivity, and convective heat transfer  
 
enhancement of PAO-based nanofluids.  
 
 
 
3.2.1. TEM 
 
 
 
            In the study, a FEI TECNAI G2 F20 FE-TEM located in microscopy center at  
 
Texas A&M University was used to characterize the nanoparticles (See Figure 1). With  
 
most liquid samples, the test sample are usually dried and exposed to vacuum before  
 
they can be imaged; however, this could affect the level of agglomeration and clustering  
 
of nanoparticles present in nanofluids.  Using PAO-based nanofluids, the samples did  
 
not have to be dried or diluted completely to be able to image them using TEM. The  
 
TEM cell was constructed by holding the fluid on a copper membrane window with  
 
TEM grids. The instrument was used with a 200 kV source. High angle annular dark  
 
field (HAADF) scanning transmission electron microscopy (STEM) was used first to  
 
determine the presence of alumina particles, and their relative concentration.  HAADF  
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STEM uses z-contrast instead of BF (Bright Field) contrast which is non monotonic with  
 
thickness [36]. HAADF images show almost no diffraction effects so the intensity is  
 
proportional to z
2
 and provides strong contrast. Due to the strong contrast, it is useful for  
 
tomography reconstruction. From HAADF image, line scan could be performed. Line  
 
scans were used to measure the elemental distribution along a certain line across the  
 
interface of two layers or of the matrix and a precipitate. TEM images for all the  
 
Alumina-based nanofluids can be seen in the results section. 
 
 
 
 
Fig. 1 FEI TECNAI G2 F20 FE-TEM (Microscopy center, Texas A&M University) 
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3.2.2. Dynamic Light Scattering (DLS) 
 
            Dynamic light scattering (DLS) is a technique used to determine particle size in  
 
suspensions [37]. The DLS experiments were performed using a BIC ZetaPALS with a  
 
BI-9000AT correlator. The wavelength of the incident laser beam ( ) was 660 nm, and  
 
the detector angle ( ) was 90. For each sample, three or four measurements were  
 
performed and the elapsed time was 2 min or 5 min to ensure good signal-to-noise signal.  
 
The sampling and analysis were carried out in the self-beating mode. The delay time  
 
increased from 2 s  to 100 ms, and the measurement was taken at room temperature.  
 
The intensity autocorrelation functions were analyzed with nonnegative constrained  
 
least-squares method (NNLS) [38]. For dilute system where the decay is generally due to  
 
translational, diffusive motion of the center of mass of the scatterer, it can be shown that: 
 
 
2
1
q
Dt

                                             (3.1) 
 
 
where Dt is the translational diffusion coefficient,  q is the magnitude of the scattering  
 
wave vector ,and τ is called the decay or relaxation time. The magnitude is expressed  
 
as follows:  
 
)2/sin(
4
0
0 



n
q                             (3.2) 
 
 
where n0 is the refractive index of the liquid, λ0 is the wavelength of the laser in a  
 
vacuum, and θ is the scattering angle. The refractive index (n) of the solution was taken  
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to be 1.33. Given the dilute nature of the samples (Maximum 1 vol. % Al2O3), particle- 
 
particle interactions can be reasonably neglected and Dt approaches to D0 where D0 is  
 
given by the Stokes-Einstein equation [39]: 
 
 
h
B
d
Tk
D


3
0                                        (3.3) 
 
 
where kB is Boltzmann‘s constant, 1.3807 × 10
-16
 ergs/deg, T is the absolute temperature  
 
in Kelvin, η is the bulk viscosity of the liquid in which the particle moves, and dh is the  
 
hydrodynamic diameter of the assumed sphere.  
 
3.2.3. Viscometer 
 
            A Brookfield viscometer was used to measure viscosity. A UL Adaptor was used  
 
to measure viscosity at low values. The viscometer was able to measure viscosity from 1  
 
to 10 cP and up to 73.4 sec
-1
 of shear rate (at 60 rpm). The UL Adaptor consists of a  
 
coaxial-cylinder like spindle and a polyethylene end cap for the outer cylinder. When all  
 
components were set up, the adaptor could hold 16 ml of liquid. The viscometer converts  
 
the torque required to rotate an immersed element (the spindle) in a fluid to viscosity.  
 
With Brookfield viscometer, the viscosity of all nanofluids was measured at different  
 
temperatures and shear rates. In the result section, viscosity results are presented. 
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3.2.4. Thermal conductivity analyzer 
 
 
 
            The thermal conductivity was measured by using a THW (Transient hotwire)  
 
apparatus. Nagasaka and Nagashima [40] first devised the system, which consisted of a  
 
platinum wire coated with a polyester insulation layer that was used as a heating element  
 
and a resistance thermometer. Some research teams have measured thermal conductivity  
 
using THW using bare wires. In the study, a platinum wire coated with a Teflon  
 
insulation layer was used to prevent from electric conduction.  THW apparatus was  
 
connected to a Wheatstone bridge including four different resistances including one  
 
resistance for the platinum wire itself.  
 
            In the THW, R1 and R2 are standard 100Ω resistors, R3 is the adjustable resistor  
 
(potentiometer) and Rx is the platinum wire resistor. 
 
 
 
Fig. 2 Wheatstone bridge 
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            The following is the theoretical equation used to determine thermal conductivity  
 
when using transient hot wire method [40]. A detailed explanation can be found in [40]. 
 
 

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1
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At
k
q
T

              (3.5) 
 
 
The third term in the brackets can be neglected because the magnitude of the third term  
 
is below 5% of temperature rise, yielding the following equation: 
 
 
 At
k
q
T  ln
4
                                   (3.6) 
 
 
            To determine thermal conductivity, the wire voltage that appears in Eq. 3.11  
 
should be used instead of T. Therefore, the wire voltage is correlated with Rx and the  
 
relationship between Rx and T is needed to be able to find thermal conductivity. Rx can  
 
be found using the following expression: 
 
 
 TRR xox  1                                   (3.7) 
 
β: Temperature coefficient [K-1] of platinum (0.00392) 
 
 
TdRdR xox                                                                (3.8) 
 
 
            From (Eq. 3.6), we can take the derivative of each term, obtaining the following  
 
expression: 
 
Td
k
q
Td ln
4
                                  (3.9) 
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(Eq. 3.9) is applied to (Eq. 3.8) and it follows that: 
 
 
Td
k
Rq
dR xox ln
4

                                  (3.10) 
 
 
            From the Wheatstone bridge shown above, the voltage across the bridge (Vg) can  
 
be found using the supply voltage (Vs) and three resistor values, R1, R2 and Rx. 
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Taking the derivative of (Eq. 3.11), it follows that: 
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It is expressed as: 
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By substituting dRx in (Eq. 3.13) using (Eq. 3.10), it follows that:  
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Integrating each term again, (Eq. 3.14) becomes: 
 
  
BtAVg  ln                                                            (3.15) 
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where, 
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β, R3, Rxo, Vs, Rx, and q is known or can be measured.  Using the LabView Signal  
 
Express software, Vg versus ln(t) was plotted. From the slope of the graph of Vg – ln(t),  
 
A  can be determined.  From the value of A, the thermal conductivity k of the liquid can  
 
be estimated.  
 
 
 
Fig. 3 Transient Hot Wire (THW) system 
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Fig. 4 Transient Hot Wire (THW) apparatus 
 
 
 
            A power supply, digital, switch, circuit board and computer were connected to  
 
the hotwire as shown in Figure 3. The hotwire itself was calibrated first in air to adjust  
 
the variable resistor, R3, and then it was immersed in pure PAO (Royco 602) for  
 
calibration in fluid. The thermal conductivity value of pure PAO was obtained and  
 
compared with the values provided by the supplier and other sources [41]. A voltage of 4  
 
V was used; data was collected for about 4 seconds. It was found that the optimum  
 
condition in which accurate thermal conductivity data could be gathered was between  
 
1.6 to 2.6 seconds when the voltage was supplied from 1 to 5 seconds. Data were  
 
gathered only if the screen showed a smooth curve which depicted a clear relationship  
 
between Vg and ln(t). A chiller was used to control temperature of the fluid. The  
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following graph shows a smooth curve with raw voltage and time data after supplying  
 
voltage to the THW for 5 seconds. 
 
 
 
 
 
Fig. 5 The trend between supplied voltage and time 
 
 
 
3.2.5. Convective heat transfer section 
 
 
 
            The experimental set up consisted of a copper heat transfer section, an Agilent  
 
data acquisition system, a D.C. power supply, two syringes and a computer as depicted  
 
in Figure 6. The test section was made of copper tubing 914.4 mm in length, with a 1.55  
 
mm inner diameter and 3.175 mm outer diameter.  
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Fig. 6 Schematic for convective heat transfer measurement experimental set-up 
 
 
            The overall section was heated using AWG 30 nichrome 80 wire (MWS wire  
 
industries, USA) coiled around the tube and connected to a 1500W, 0-300V, 0-5A D.C  
 
power supply (Lambda, USA). The experiments were performed under constant heat  
 
flux conditions using voltages of 60, 62.5 and 65V. The corresponding heat fluxes were  
 
920, 999 and 1080.4 W/m
2
. The tube was insulated with fiberglass to prevent heat loss to  
 
or from the surrounding. Four surface thermocouples were located on the test section at  
 
19 cm (Ts,1), 39.5 cm (Ts,2), 59 cm (Ts,3), 79 cm (Ts,4) from the inlet section and were  
 
D.C Power 
Supply 
Syringes 
Data Acquisition 
System 
Scale 
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used to measure surface temperatures. Also, two other thermocouples were mounted at  
 
both inlet and outlet to measure the bulk temperature of the fluid at inlet and outlet. Two  
 
syringes were used to provide laminar fluid flow using dead weights on top of the  
 
syringes. The end of the loop was connected to a weight-scale to measure the mass of  
 
liquid flowing out of the loop as a function of time. Therefore, the mass flow rate was  
 
measured by measuring the weight of the fluid at various time intervals with a Denver  
 
Instrument APX-200 scale. The flow of the fluids was always laminar and the  
 
corresponding Reynolds number is within the range of 5 ~ 20 and is shown in the  
 
Results section. All the thermocouples and the output from the D.C. power supply were  
 
connected to a Data Acquisition system (Agilent 34970A), which was connected to a  
 
computer. The experimental set-up was calibrated under isothermal and constant heat  
 
flux operating conditions. The calibration procedure is explained in Appendix B. The  
 
convective heat transfer coefficient at an axial distance ‗x‘ from inlet is described  
 
as: 
 
)()(
)(
xTxT
q
xh
bs
s


                                     (3.17) 
 
 
where sq  , )(xTs and )(xTb are heat flux applied to the fluid, surface or wall temperature  
 
at a distance ‗x‘ from the inlet, and the bulk temperature of fluid at a distance ‗x‘ from  
 
the inlet, respectively.  
 
            The specific heat of pure PAO (Royco 602) was obtained from [8]. The density  
 
and specific heat of Alumina nanofluid were calculated based on the following equations  
 
from [42] as follows: 
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bfp  )1(                                (3.18) 
 
 
bfp ccc )1(                                   (3.19) 
 
 
where p and bf refer to the nanoparticles and base fluid, respectively. The specific heat  
of Al2O3 , cp  was obtained from [43] and the specific heat, bfpc ,  and density of pure 
PAO (Royco 602), bf  were also obtained from [44]. The density of PAO was also 
calculated from the measured volume and mass at room temperature, and matched well 
the values reported in [44].  It was assumed that the specific heat and density of Al2O3 
were constant. The density of nanofluids at room temperature was found to be the same 
way and thus the density of Al2O3 was calculated using (Eq. 3.18). Conversely, the 
density of nanofluids was calculated at 45°C the same way. The specific heat of 
nanofluid was also obtained by (Eq. 3.19).   
 
            The heat flux through the copper tube is describes as: 
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Which is also expressed as 
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where obT , , A , F , i and R are fluid bulk temperature at the outlet, inner surface area of  
 
the copper tube, fraction of DC power used to heat fluid, current through the coil, and  
 
the total resistance of the coil, respectively. ‗F‘ was found from (Eq. 3.20) and (Eq. 3.21)  
 
and was found to be around 0.82 for the experiments.  The heat capacity correction  
 
factor takes into account the net amount of heat flowing to the fluid.  
 
            From energy balance equation, the bulk temperature of the fluid at any point can  
 
be determined as follows: 
 
 
x
cm
Pq
TxT
p
s
ibb 

 ,)(                                     (3.22) 
 
 
where ibT , , P , x , m and pc are the bulk temperature of fluid at inlet, perimeter of the  
 
copper tube, axial distance from the inlet section, mass flow rate of the fluid, and  
 
specific heat of the fluid, respectively.  
 
            The temperature data needed to be gathered in constant flow rate and the flow  
 
rate was controlled only by syringes and dead weights so both surface and bulk  
 
temperatures were recorded only after a quasi-steady flow was reached. After dead  
 
weights were put on top of the syringes, power was supplied to heat transfer section and  
 
it took around 11~12 min to reach a quasi-steady flow. Then the data was recorded for  
 
50 scans and it took 1.5~1.7 min to complete recording. The quasi-steady state was  
 
sustained for several minutes but only the data for 50 scans was selected for analysis.  
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  3.2.6. Sample preparation 
            Different Alumina nanoparticles of different shapes, sizes and concentrations  
 
were suspended in PAO (Poly-Alpha-Olefin) and tested in the experiments. The  
 
nanofluid samples were made by METSS Corp., and were provided as proprietary  
 
liquids. The nanofluids have different characteristics depending as shown in Table 2.  
 
‗Synfluid2‘ is another kind of pure PAO and some additives were added for making  
 
nanofluids.  
 
 
 
Table 2. PAO nanofluids formulation 
 
Name Base fluid 
Morphology of 
Alumina 
Volume % of 
particle 
Weight % of 
particle 
NF-007 PAO (Royco 602) platelet/spherical 1% v/v 5% w/w 
NF-013 Additized PAO platelet/spherical 4% v/v 20% w/w 
NF-046 
Additized 
SynFluid2 
platelet/spherical 1% v/v 5% w/w 
NF-048 
Additized 
SynFluid2 
needle 0.5% v/v 2.5% w/w 
NF-049 Additized PAO needle 0.5% v/v 5% w/w 
 
 
 
            Each sample was characterized using dynamic light scattering (DLS) and  
 
transmission electron microscopy (TEM) to verify the morphology claimed by the  
 
nanofluid supplier. Descriptions of the nanofluid characterization are included in the  
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following chapter. 
 
 
 
3.3. Summary of experiments 
 
 
            The following table provides a summary of experiments conducted in the study. 
 
 
 
Table 3. Summary of experiments 
 
Fluid Type 
Imaging 
analysis 
Viscosity 
measurement 
Thermal 
conductivity 
measurement 
Convective 
heat transfer 
measurement 
Pure PAO  
At 25° and 
45 °C 
At 25° and 
45 °C 
Under laminar 
and constant 
heat flux 
condition 
NF-007 DLS 
At 25° and 
45 °C 
At 25° and 
45 °C 
 
NF-013 DLS 
At 25° and 
45 °C 
At 25° and 
45 °C 
 
NF-046 TEM, DLS 
At 25° and 
45 °C 
At 25° and 
45 °C 
 
NF-048 TEM 
At 25° and 
45 °C 
At 25° and 
45 °C 
Under laminar 
and constant 
heat flux 
condition 
NF-049  
At 25° and 
45 °C 
At 25° and 
45 °C 
 
 
 
            For DLS imaging, NF-007, NF-013 and NF-046 were chosen which contain  
 
spherical nanoparticles because DLS imaging is based on the assumption that all  
 
nanoparticles are spherical. NF-046 and NF-048 were selected for TEM imaging since  
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those two nanofluids consisted of needle type nanoparticles. The viscosity and thermal  
 
conductivity were measured at 25 and 45 °C for all nanofluids. For convective heat  
 
transfer measurement, only the fluids that exhibited the best thermal performance were  
 
selected for heat transfer testing. NF-048 was chosen and used for heat transfer testing,  
 
and the data were compared to that of pure PAO (Royco 602). 
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CHAPTER IV 
 
RESULTS AND DISCUSSION 
 
            This chapter describes the experimental data obtained from viscosity thermal  
 
conductivity, and convective heat transfer measurements. Analysis of the results was  
 
undertaken taking into account existing theories and past published research work.  
 
 
4.1. Imaging data 
 
 
 
4.1.1. TEM image of NF-046 and NF-048 
 
 
 
            A variety of scan methods were used for size analysis of NF-046 and NF-048.  
 
Figures 7 and 8 show the acquired images using HAADF-STEM, which were used to  
 
determine the presence and indirect concentration of Alumina nanoparticles [45].  
 
Figures 9 and 10 show the raw trend of counts vs. energy put in the sample. HAADF- 
 
STEM based images confirmed the presence of aluminum atoms in the samples. It was  
 
found that the density of Alumina nanoparticles in NF-048 was higher than in NF-046  
 
based on the bigger number of counts. The grid at the bottom of nanofluid was made of  
 
copper so that‘s why copper counts also show up in the figure.  
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        Fig. 7 NF-046 acquire HAADF                                 Fig. 8 NF-048 acquire HAADF 
 
 
  
 
 
Fig. 9 NF-046 HAADF scan 
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Fig. 10 NF-048 HAADF scan 
 
 
 
            From HAADF scan, line scan was performed. Figures 11 and 12 show the drift  
 
corrected spectrum profile which  determines the range for line scan. Figures 13 and 14  
 
show the linescan image. It was found that nanoparticle size in NF-046 was  larger  than  
 
in NF-048. 
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Fig. 11 NF-046 drift corrected spectrum              Fig. 12 NF-048 drift corrected spectrum  
                            profile                                                                   profile 
 
 
 
               
                  
               Fig. 13 NF-046 linescan                                       Fig. 14 NF-048 linescan 
 
 
            Figures 15 and 16 show the TEM images taken of each samples at 100 nm  
 
(scale). Figures 17 and 18 show the TEM image of NF-046 and NF-048 samples at 50  
 
nm (scale).  
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              Fig. 15 NF-046 (100nm)                                      Fig. 16 NF-048 (100nm) 
                                                                   
              
              Fig. 17 NF-046 (50nm)                                        Fig. 18 NF-048 (50nm) 
 
            From the TEM images of NF-046 and NF-048, the particle shape information  
 
could be found which is spherical and non-spherical, respectively. In addition, an  
 
estimate of particle size could be estimated. NF-048 has definite non-spherical  
 
morphology while NF-046 has spherical morphology. 
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4.1.2. Dynamic Light Scattering data of NF-007, 013 and 046 
 
 
            DLS experiments were performed on NF-013 which had 4% volume fraction.   
 
Before running the DLS test, it was diluted to 1 vol. %. The particle hydrodynamic  
 
diameter was calculated from the translational diffusion coefficient using the Stokes- 
 
Einstein equation under the assumption that the particles were spherical and using the  
 
measured viscosity. Assuming that the nanoparticles exhibited Brownian motion, the  
 
nanoparticle sizes were found using the Stokes-Einstein equation.  NF-007, NF-013 and  
 
NF-046 were the only samples that contained spherical nanoparticles. The obtained DLS  
 
data for NF-007, NF-013 and NF-046 were analyzed using the following data  
 
decomposition techniques.  
 
 
 
4.1.2.1. Particle size information from cumulant fitting 
 
 
 
            In DLS analysis [46], the method of cumulants was first proposed for analyzing  
 
Polydispersity by fitting light scattering data after interacting with nanoparticles. The  
 
method of cumulants is one of the fitting routines that DLS provides. According to [46]  
 
the ―Poly‖ (short for polydispersity) is a measure of the width of the decay rate  
 
distribution. That is, the ―Poly‖ is the intensity-weighted relative variance of the  
 
diffusion coefficient and a measure of the size distribution width [46]. When the ‗Poly‘  
 
equals to zero, the sample is considered to be monodispersed. The cumulant method  
 
verified that the higher order terms do not affect significantly so the analysis works best  
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if Poly ≤ 0.3 especially for quadratic fitting. Thus, only quadratic model was used for  
 
determining  particle size. Also, the ‗Poly‘ value was larger than 0.025 for all cases, thus,  
 
the nanofluid samples were considered to be polydispersed. Figures 19-22 show DLS  
 
results for NF-007. Table 4 summarizes all the DLS results for NF-007. 
 
 
 
 
 
Fig. 19 DLS test 1 results for NF-007 
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Fig. 20 DLS test 2 results for NF-007 
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Fig. 21 DLS test 3 results for NF-007 
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Fig. 22 DLS test 4 results for NF-007 
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Table 4. Effective diameter of NF-007 
 
Type of fit 
 
 
Diffusion 
Coefficient 
(cm
2
.s
-1
) 
 
Effective 
Diameter (nm) 
 
Poly 
 
RMS Error 
 
Quadratic 
 
1.152E-08 
 
47.2 
 
0.313 
 
1.8736E-03 
 
Quadratic 
 
1.253E-08 
 
43.4 
 
0.313 
 
1.8870E-03 
 
Quadratic 
 
1.190E-08 
 
45.7 
 
0.250 
 
7.8794E-03 
 
Quadratic 
 
1.146E-08 
 
47.4 
 
0.309 
 
2.4752E-03 
 
Average of 
all quadratic 
fits 
 
 
45.9 
 
  
            
 
 
            Figures 23-25 show DLS results for NF-013. Table 5 summarizes all the DLS  
 
results for NF-013.  
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Fig. 23 DLS test 1 results for NF-013 
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Fig. 24 DLS test 2 results for NF-013 
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Fig. 25 DLS test 3 results for NF-013 
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Table 5. Effective diameter of NF-013 
 
Type of fit 
 
 
Diffusion 
Coefficient 
(cm
2
.s
-1
) 
 
Effective 
Diameter (nm) 
 
Poly 
 
RMS Error 
 
Quadratic 
 
8.410E-09 
 
35.7 
 
0.362 
 
1.1550E-02 
 
Quadratic 
 
8.375E-09 
 
35.9 
 
0.351 
 
8.8433E-03 
 
Quadratic 
 
8.444E-09 
 
35.6 
 
0.358 
 
1.2562E-02 
 
Average of all 
quadratic fits 
 
 
35.7 
 
  
 
 
 
            Figures 26-28 show DLS results for NF-046. Table 6 summarizes all the DLS  
 
results for NF-046.  
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Fig. 26 DLS test 1 results for NF-046 
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Fig. 27 DLS test 2 results for NF-046 
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Fig. 28 DLS test 3 results for NF-046 
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Fig. 29 DLS test 4 results for NF-046 
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Table 6. Effective diameter of NF-046 
 
Type of fit 
 
 
Diffusion 
Coefficient 
(cm
2
.s
-1
) 
 
Effective 
Diameter (nm) 
 
Poly 
 
RMS Error 
 
Quadratic 
 
8.780E-09 
 
62.8 
 
0.295 
 
4.5109E-04 
 
Quadratic 
 
8.870E-09 
 
62.1 
 
0.294 
 
4.6920E-04 
 
Quadratic 
 
8.977E-09 
 
61.4 
 
0.291 
 
3.9476E-04 
 
Quadratic 
 
8.968E-09 
 
61.5 
 
0.304 
 
4.9855E-04 
 
Average of 
all quadratic 
fits 
 
 
62.0 
 
  
 
 
 
            Based on the result from polynomial fitting, the data of intensity vs. delay time  
 
was obtained. From the data above, the average intensity value depending on delay time  
 
was calculated and plotted as shown in Figure 30.  
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Fig. 30 Scattering intensity vs delay time 
 
 
 
            It was found that NF-013 decays most rapidly than NF-046 or NF-007. The  
 
results are consistent with the particle size data obtained with HAADF STEM. NF-013  
 
has smallest particle size so it decays fastest, and then NF-007 and NF-046.  
 
 
 
4.1.2.2. Particle size distribution from NNLS 
 
 
 
            NNLS (Non Negative Least Squares) was used to obtain particle size distribution  
 
[47] of each sample. The particle size distribution can be analyzed based on intensity or  
 
volume. In this case, intensity based analysis was performed. For each sample, data from  
 
20 tests were recorded and the average of the data was plotted as shown below. It was  
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found that those three samples were more or less polydisperse.  
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Fig. 31 Particle distribution of NF-007 
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Fig. 32 Particle distribution of NF-013 
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Fig. 33 Particle distribution of NF-046 
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            As seen from Figures 31-33, NF-007 is least polydispersed sample. The volume  
 
fraction of NF-046 is 4% which is four times greater than those of NF-007 and NF-046  
 
which is 1%. Therefore NF-046 might have a higher possibility to have more  
 
polydispersed nanoparticles.  
 
 
 
4.2. Viscosity data 
 
 
 
            The viscosity was measured using the rotating type viscometer. The rotational  
 
speed, N (rpm) was converted to shear rate,  (sec-1) for viscosity comparison. The  
 
conversion is described in Appendix A. Figures 34 and 35 show the viscosity data as a  
 
function of shear rate for all nanofluids and its base fluid. It was found that all nanofluid  
 
samples showed almost Newtonian behavior since the dynamic viscosity does not  
 
fluctuate much with shear rate. NF-013 sample only showed higher viscosity due to  
 
larger volume concentration but it did exhibit a shear thinning behavior either. Shear  
 
rates seem not to affect the viscosity. Figures 36 and 37 show the viscosity trend of  
 
pure PAO (Royco 602) and other nanofluids since only Royco 602 was used for  
 
comparison. 
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Fig. 34 Dynamic viscosity with shear rate for all fluids at 25 °C 
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Fig. 35 Dynamic viscosity with shear rate for all fluids at 45 °C 
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Fig. 36 Dynamic viscosity of nanofluids and Royco 602 at 25 °C 
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Fig. 37 Dynamic viscosity of nanofluids and Royco 602 at 45 °C 
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            As seen above, the viscosity decreased to about half  as the temperature increased  
 
from 25 °C to 45 °C. The viscosity of nanofluid samples all showed the similar behavior  
 
to that of base fluids such as Royco 602, additized PAO and NF-051 (Synfluid2). Three  
 
base fluids showed almost similar viscosity trend even though additized PAO was  made  
 
with a dispersant, and NF-051 is a slightly different kind of pure PAO. It can be  
 
concluded that all nanofluids samples are homogeneous and did not exhibit de- 
 
agglomerization or realignment in any direction during the viscosity tests. As seen in  
 
Table 2,  NF-048 and NF-049 exhibit a needle morphology ; however, it has a little  
 
effect on viscosity. It might be due to smaller volume concentration compared to other  
 
nanofluid samples with spherical/platelet morphology nanoparticles. For NF-013, the  
 
volume concentration was 4% which is about at least 4 times greater than that of other  
 
nanofluid samples. Approximately, as the volume fraction increases by 4 , the viscosity  
 
increases by a factor of 2. Pure PAO was used as base fluid for of viscosity, thermal  
 
conductivity and heat transfer behavior comparisons.  
 
            The measured viscosity data of nanofluids were also compared to the Einstein  
 
model (Eq. 2.1). For comparing the  measured viscosity values, the following equation   
 
(Einstein model) with a x of  2.5 was used.  
 
 
bnf x  )1(                                            (4.1) 
 
 
For comparison purposes, the x value was found for all 5 nanofluids using the viscosity  
 
values at only one shear rate.  
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Fig. 38 The comparison of viscosity with Einstein model 
 
 
 
            Einstein model can be applied to nanofluids, which contain spherical  
 
nanoparticles and the volume fraction is less than 2% [23]. For comparison, only the  
 
viscosity values at shear rate of 36.77 sec
-1
 (30 rpm) were used. At higher shear rate,  
 
there was no available data for NF-013 at 25 °C so the viscosity at 30 rpm was chosen  
 
for comparison. The volume fraction of all nanofluids was less than 2% except for NF- 
 
013 with 4 vol. % but all x values were way more than 2.5. It can be concluded that  
 
particle interaction in the nanofluids is relevant since Einstein model is based on the  
 
assumption that particle drag is not influenced by the flow field around the neighboring  
 
particles at low particle concentrations [23]. Especially, only NF-007, NF-013 and NF- 
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046 have spherical nanoparticles but have x values in the range of 10 to 30. Previous  
 
studies have revealed that suspensions with relatively higher concentration deviate from  
 
the Einstein model [48].    
 
             NF-048 and NF-49 showed the greatest deviation from the Einstein model.  The  
 
corresponding average x values were 35 and 45 to 55, respectively. The change in x is  
 
caused by differences in particle-solvent interactions which result in small density  
 
changes in the critical interfacial regions [48]. If solvent-particle interactions were  
 
different from particle-particle interactions, x value would deviate from 2.5 [48].  In  
 
other words, when particle and solvent have different solubility parameters, the  
 
microscopic viscosity of the solvent differs from the viscosity of the pure solvent and x  
 
deviates from Einstein model considerably.  
 
 
 
4.3. Thermal conductivity data 
 
 
 
            Thermal conductivity was measured using the transient hot wire (THW) method  
 
under different temperature conditions. Each thermal conductivity value of nanofluid  
 
sample was compared to the base fluid, which was pure PAO (Royco 602). It was found  
 
that the measured thermal conductivity of Royco 602 did not change significantly with  
 
temperature. The thermal conductivity of the nanofluid samples was determined using  
 
the THW procedure described above. The maximum enhancement in thermal  
 
conductivity at 25 °C was found in NF-048 which was 40%. However, the enhancement  
 
at 45 °C showed a smaller enhancement, 13.3%. Nonetheless, NF-048 was chosen for  
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heat transfer test because of the highest enhancement in overall thermal conductivity.  
 
The enhancement in thermal conductivity as a function of temperature is shown in Table  
 
7.  
 
 
 
Table 7. The enhancement in thermal conductivity of nanofluids  
 
Nanofluid 
 
Temperature 
(°C) 
Thermal 
conductivity 
(W/mk) of Royco 
602 
Thermal 
conductivity 
(W/mk) of 
nanofluid 
 
Enhancement 
(%) 
NF-007 at 1 
vol.% and 5 
wt.% 
25°C 0.15 0.15 0 
45°C 0.15 0.15 0 
NF-013 at 4 
vol.% and 20 
wt.% 
25°C 0.15 0.19 26.7 
45°C 0.15 0.18 20 
NF-046 at 1   
vol.% and 5    
wt.% 
25°C 0.15 0.18 20 
45°C 0.15 0.18 20 
NF-048 at 0.5 
vol.% and 2.5 
wt.% 
25°C 0.15 0.21 40 
45°C 0.15 0.17 13.3 
NF-049 at 0.5 
vol.% and 5 
wt.% 
25°C 0.15 0.17 13.3 
45°C 0.15 0.17 13.3 
 
 
 
            It was found that NF-007, NF-046 and NF-049 have constant percentage  
 
enhancement with temperature. According to the specification, the difference between  
 
NF-007 and NF-046 is the different kind of dispersant or additive. The difference  
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between NF-007 and NF-049 is the slight different volume concentration and  
 
morphology. The needle morphology of NF-049 was shown to affect more thermal  
 
conductivity enhancement even though NF-049 had smaller volume fraction. The  
 
percentage enhancement of NF-049 was about 10% more than NF-007. For NF-007 and  
 
NF-013, NF-013 had a higher concentration, which included another dispersant. Results  
 
revealed that higher concentration yielded increased thermal conductivity.   
 
            The difference between NF-046 and NF-048 is that NF-048 has half the  
 
concentration of NF-046. It was seen that the needle morphology was affected more by  
 
temperature changes than when using spherical nanoparticles. The agglomeration  
 
behavior of nanoparticles might vary more in non-spherical nanoparticles as well.  
 
Different dispersant and additives were used for making NF-048 and NF-049. It was  
 
found that even though those two fluids consisted of nanoparticles with needle  
 
morphology, the effect of dispersant or additives should not be disregarded completely. 
 
The thermal conductivity of NF-048 was measured again after six months to check the  
 
stability of NF-048. Table 8 shows thermal conductivity data for NF-048 after the  
 
second experiment. 
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Table 8. The comparison of enhancement in thermal conductivity of NF-048 measured at  
different time period 
 
Temperature 
 
Date the     
data was 
obtained 
 
 
Thermal 
conductivity 
of Royco 602 
(W/mk) 
 
 
Thermal 
conductivity 
of Royco 602 
(W/mk) 
 
 
Enhanceme
nt 
(%) 
 
25 °C 
04/04 
/2010 
0.15 0.21 40 
45 °C 
04/27 
/2010 
0.15 0.17 13.3 
25 °C 
09/22 
/2010 
0.15 0.17 13.3 
45 °C 
09/23 
/2010 
0.15 0.19 26.7 
 
 
 
            It was found that the values differed especially when temperature was increased.  
 
The recent result seems more reasonable according to the result of other research groups.  
 
It is hypothesized that a small fraction of nanoparicles might have settled down or  
 
agglomerated resulting in lower thermal conductivity enhancement. Nevertheless, NF- 
 
048 was used for heat transfer testing to determine the effect of nanoparticle morphology  
 
on convection. 
 
 
 
4.4. Convective heat transfer data 
 
 
 
            A heat transfer section with coiled nichrome wire has been used for measuring  
 
convective heat transfer behavior under laminar and constant heat flux condition as  
 
described in Chapter III. The calibration procedure is explained in the Appendix B.  
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After the set-up was calibrated both for isothermal condition and operating conditions,    
 
temperature measurements were taken for two samples, Royco 602 pure PAO base fluid  
 
and NF-048 nanofluid at same flow rates. The experiments were performed at constant  
 
heat flux condition with three different heat flux values. Figure 39 shows the difference  
 
between surface and bulk temperatures for both pure PAO and NF-048. For each sample,  
 
the temperature difference shows a consistent trend thus it can be said that  
 
thermocouples and heat transfer loop are reliable. Figures 40 and 41 show the variation  
 
of convective heat transfer coefficient for two samples, pure PAO and NF-048 with  
 
respect to the non-dimensionalized axial distance, iDx /  from the inlet section of the  
 
loop at different voltages 60, 62.5 and 65V, corresponding to heat flux values of 920.5,  
 
999 and 1080.4 W/m
2
. Correction factors for isothermal condition were applied to all  
 
surface thermocouples.  Also a correction factor for heat flux ‗0.82‘ based on heat  
 
capacity was used. The correction factor for heat flux is nothing but the fraction of DC  
 
power transferred to heat flowing fluid. 
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 Fig. 39 The surface and bulk temperature difference of pure PAO and NF-048 
 
0
100
200
300
400
500
600
700
800
0 100 200 300 400 500 600
H
e
at
 T
ra
n
sf
e
r 
C
o
e
ff
ic
ie
n
t 
(W
/m
2
K
)
x/Di
Pure PAO 920.5 W/m2, Re: 9~15, Ra: 224~423, Pr: 51~86
Pure PAO 999 W/m2, Re: 7~14, Ra: 251~504, Pr: 47~85
Pure PAO 1080.4 W/m2, Re: 8~18, Ra: 331~859, Pr: 35~81
 
 
Fig. 40 The variation of heat transfer coefficient of pure PAO 
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Fig. 41 The variation of heat transfer coefficient of NF-048 
 
 
 
            Figure 40 shows that for similar mass flow rate, the heat transfer coefficient of  
 
pure PAO is same regardless of heat flux. However, pure PAO exhibits an increase in  
 
heat transfer coefficient after x/Di of 400. Similar behavior has been reported for low  
 
Reynolds number, high Rayleigh number experiments [49, 50]. For NF-048 exhibits  
 
greater heat transfer coefficient values at x/Di of 500, as shown in Figure 41.  It is  
 
evident that the heat transfer coefficient is higher for NF-048 than for pure PAO as the  
 
axial distance increases. Heat transfer coefficient in laminar flow is supposed to reach a  
 
steady value as the axial distance increases for both pure PAO and NF-048; however, the  
 
experimental data reveal that Rayleigh and Reynolds number have an effect on the flow  
 
structure which results in greater convection. The Grashof number might also have an  
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effect on the heat transfer coefficient. With increase in axial distance, both surface and  
 
bulk temperatures increase considerably. It might cause the greater convection. The  
 
same data including bulk fluid temperature are plotted for comparison purposes in  
 
Figures 42-44 at different heat flux values. 
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Fig. 42 The comparison of heat transfer coefficient of pure PAO and NF-048 at 60V 
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 Fig. 43 The comparison of heat transfer coefficient of pure PAO and NF-048 at 62.5V 
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 Fig. 44 The comparison of heat transfer coefficient of pure PAO and NF-048 at 65 
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            Figures 42 and 43 indicate that mass flow rate might not be the important factor  
 
in determining heat transfer coefficient as previously discussed. NF-048 especially  
 
shows a sharp increase in heat transfer behavior. Pure PAO has the same behavior but it  
 
does not increase as much like NF-048. The bulk temperatures linearly increase with  
 
increase in the axial distance both for pure PAO and NF-048 indicating adequate energy  
 
balance for all the fluids that were tested. Figures 45 and 46 exhibit the percentage  
 
enhancement in heat transfer coefficient as function of axial distance and bulk  
 
temperature, respectively.  
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Fig. 45 The percentage enhancement of heat transfer coefficient of NF-048 with axial 
distance 
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Fig. 46 The percentage enhancement of heat transfer coefficient of NF-048 with bulk 
temperature 
 
 
            The effect of axial conduction in a flowing fluid with Reynolds number range  
 
between 5-20 and Prandtl number range of 50-90 seemed to have contributed to higher  
 
heat transfer coefficient values both in pure PAO and NF-048. Normally axial  
 
conduction is negligible compared to axial convection. However, axial conduction  
 
cannot be disregarded for fluids having a low Prandtl number and low Reynolds number  
 
[51]. Moreover, when the Peclet number decreases, the effect of axial conduction  
 
became more significant. On the other hand, it was found that NF-048 had lower Peclet  
 
number than pure PAO.  
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            Nevertheless, the heat transfer data suggest that axial heat conduction was not the  
 
only mechanism responsible for high heat transfer coefficient when x/D was greater than  
 
400 as discussed below. 
 
            The relationship between relative Peclet number and the axial distance is shown  
 
in Figure 47. From the figure it can be seen that the reduction in Pe of NF-048 is  
 
significant when compared to pure PAO.  It is said that if the Peclet number increases,  
 
the thermal resistance across the flow decreases and it weakens the effect of axial  
 
conduction [52]. It was concluded that the increase in heat transfer coefficient for both  
 
pure PAO and NF-048 after x/D = 400 could be attributed in part to axial conduction.  
 
However, Nusselt number of NF-048 depends more on Peclet number than pure PAO.  
 
Figure 48 shows the relationship between Nusselt number and Peclet number for all  
 
cases. NF-048 shows greater sensitivity to Peclet number than that of pure PAO.  
 
Therefore, Peclet number alone could not be used to explain the enhancement in heat  
 
transfer coefficient.  
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Fig. 47 The variation of relative Peclet number with axial distance 
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Fig. 48 The variation of Nusselt number depending on Peclet number 
 
            Figure 49 exhibits how Nusselt number increases with axial distance after x/Di of  
 
400. Similar behavior has been observed for pure liquids in low Reynolds and high  
 
Rayleigh number applications [49, 50].   
 
 
 
Pure PAO 
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Fig. 49 The variation of Nusselt number depending on axial distance 
 
 
            Past studies have also revealed that at high Prandtl and low Reynolds number  
 
could induce formation of secondary flows resulting in higher heat transfer within the  
 
heat transfer section [49, 50].  Secondary flows appear when natural convection becomes  
 
more significant.  
 
            Another possible enhancement mechanism is the onset of natural convection as a  
 
significant mode of heat transfer.  With low Reynolds number, natural convection  
 
seemed to have a significant effect on the heat transfer performance [49]. As the  
 
difference in surface and bulk temperature increases, free convection becomes  
 
significant and Nux starts increasing with Z
+
 since the effect of free convection becomes  
 
stronger at slower flows [49]. Z
+
 is defined as: 
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Pr)(ReiD
x
Z                                              (4.2) 
 
 
            Figure 50 depicts how Nusselt number changes with Z
+
. 
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Fig. 50 The variation of Nusselt number along heat transfer section 
 
            The effects of the entrance sections lengths and heating on the free and forced  
 
convection was investigated in [49].  As seen in Figure 13 of [49], when   Reynolds  
 
number is about 400, Z
+
 is around 0.1, which corresponds to the point (Z
+
min) where  
 
Nusselt number starts increasing with Z
+
. Moreover, as Reynolds number increases,  
 
Z
+
min decreases. This is consistent with the result shown in Figure 50 where Z
+
min has a  
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value of about 0.5 where Nusselt number reaches a minimum. Even though laminar air  
 
flows were used in their study [49], the analysis was useful in that it considered both free  
 
and forced convection. Similar trends had been found in another study [50]. At Figure 3  
 
of [50], a Z
+
min value of 0.0112 resulted in a minimum Nusselt number which is  
 
consistent with Figure 50. At Z
+
min , Gr/Re
2
 was also calculated to see the extent of free  
 
convection in [50] and it was about 0.0018. In our study, Gr/Re
2
 was in the range of  
 
between 0.03~0.1 indicating that natural convection is an important heat transfer  
 
mechanism affecting both pure PAO and NF-048. A previous study [49] also indicated  
 
that at low Reynolds number and high heat flux, the effect of secondary flow could make  
 
free convection superior to forced convection. In other words, as heat flux increases, the  
 
fluid temperature near the wall becomes warmer and lighter than the bulk fluid in the  
 
core and also temperature-induced vortices helped transfer more heat from the surface  
 
resulting in lower surface temperature [49]. Nonetheless, Kupper et al. [50] found that as  
 
Grashof number increases, Nusselt number increases for constant Reynolds and Prandtl  
 
numbers. However, in the current, Grashof number of NF-048 was less than that of pure  
 
PAO. Therefore, the high heat transfer enhancement seen NF-048 cannot be explained  
 
by natural convection alone. Kupper et al. [50] also formulated that Nusselt number is  
 
directly proportional Re*Ra term in laminar flow under uniform heat flux conditions.    
 
In the current study, pure PAO exhibited greater Re*Ra values than in NF-048 as seen in  
 
Figure 51. Therefore, the only plausible explanation for the heat transfer enhancement  
 
seen when x/Di is greater than 400, can be attributed to the combined effect of natural  
 
convection and thermal conductivity enhancement that comes from the non-spherical  
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alumina nanoparticles. Moreover, the heat transfer behavior (Nusselt number) of NF- 
 
048, which consists of non-spherical nanoparticles, is very sensitive to Peclet number.    
 
This also suggests that the particles could be interacting with the fluid in a way to  
 
enhance convection. 
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Fig. 51 The variation of ReRa with axial distance for pure PAO and NF-048 
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CHAPTER V 
 
CONCLUSIONS 
 
 
 
            In this study, the possibility of using Alumina-PAO nanofluids for heat transfer  
 
application has been examined and it was found that it is promising for the purpose. This  
 
chapter demonstrates the results obtained from imaging, viscosity, thermal conductivity,  
 
and convective heat transfer coefficient measurements.  In addition, recommendations  
 
for future work are presented.  
 
 
 
5.1. Imaging conclusions 
 
 
 
            From the TEM image of NF-046 and NF-048, it can be said that: 
 
1. NF-046 and NF-048 have spherical/platelet and needle nanoparticle 
morphology, respectively.  
2. NF-046 has smaller aspect ratio than that of NF-048. 
            From the Dynamic light scattering data of NF-007, NF-013 and NF-048, all  
 
nanoparticles were found to be polydispersed.  
 
 
 
5.2. Viscosity conclusions 
 
 
 
            From the viscosity measurements, it can be said that: 
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1. All nanofluids and base fluids show Newtonian behavior even at 4% 
volume fraction.  
2. Shear thinning was not found to be a factor.  
3. The viscosity of all nanofluids and base fluids was temperature-
dependent. As temperature increases from 25 to 45 °C, the viscosity 
decreases by a factor of two.  
4. The measured viscosity does not follow the Einstein model (Eq. 2.1) 
even though the volume concentration was relatively small. Particle-to-
particle and particle-to-fluid interactions could be playing a significant 
role in viscosity.  
5. Morphology also plays a role in viscosity. Greater viscosity was 
observed when rod-like nanoparticles were used compared to platelet 
type, even though the volume fraction was  half of NF-046 (platelet 
type). 
 
 
5.3. Thermal conductivity conclusions 
 
 
 
            From the thermal conductivity measurements, it can be said that: 
 
1. The percentage enhancement in thermal conductivity of NF-048 is 
larger at 25 °C compared to that measured at 45 °C when it was 
measured first time. However, the trend was different when it was 
measured six months later.  
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2. NF-048 (rod type nanoparticles) at 0.5% volume, or 2.5% by weight has 
a maximum thermal conductivity enhancement of 42% and 11% at 25 
and 45 °C, respectively. Enhancement was greater for NF-048 (rod 
type) than for platelet-type nanoparticles (NF-046) even when the 
volume fraction of NF-048 was only 0.5% (compared to 1% for NF-046, 
platelet) 
3. The enhancement can be directly attributed to the needle nanoparticle      
               morphology.  
 
 
5.4. Convective heat transfer conclusions 
 
 
 
            From the convective heat transfer measurements, it can be said that: 
 
1. As the axial distance increases from the inlet of the section, the heat 
transfer coefficient of nanofluids decreases first then increase again 
anomalously in the case of NF-048. 
2. The maximum percentage enhancement in heat transfer coefficient was 
52.1% and was found when using NF-048. 
3. Convection and axial conduction might explain the increase in Nusselt 
number when x/Di is greater than 400.  
4. The percentage enhancement in heat transfer coefficient (i.e. 52.1 %)     
was shown to be higher than the maximum enhancement in thermal 
conductivity (i.e. 42 %). The non-spherical nanoparticles under laminar 
 88 
flow conditions might have caused convection effects in the fluid since 
they exhibited a strong dependence on Peclet number. Furthermore, 
radial movement of nanoparticles within the fluid could have enhanced 
convection due to changes in viscosity and the effect of buoyancy at 
lower Reynolds number.  
 
 
5.5. Recommendations for future work 
 
 
 
            In this study, the possibility of using Alumina-PAO nanofluid for heat transfer  
 
performance has been investigated. It was found that NF-048 could enhance heat transfer  
 
compared to the base fluid. However, some results still need to be studied in more depth.  
 
The thermal conductivity enhancement varies with temperature but does not follow the  
 
conventional model accurately. It is still not understood what nanoscale mechanisms are  
 
involved and how much the effect of those mechanisms play in thermal conductivity  
 
enhancement.  
 
            A real time computer simulation would help analyzing the heat transfer behavior  
 
of nanofluids. The different flow conditions including laminar, transition, and turbulent  
 
flow cases should be also considered for better understanding of Alumina-PAO  
 
nanofluid as heat transfer fluids.   
 
            Finally, there are still some discrepancies among the result published by a variety  
 
of nanofluid research groups. The standardization in manufacturing and testing of  
 
nanofluids should improve the reliability of any nanofluid study. The optimization of  
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procedures through the interaction between industry and academy makes it possible to  
 
manufacture more practical and cost effective nanofluids. 
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APPENDIX A 
 
SPEED AND SHEAR RATE VALUE 
 
 
 
            At each rotational speed, N (rpm) of the spindle, corresponding shear rates using  
 
Eq. 3.1 have been obtained. The radius of the UL adapter, Rc = 13.81mm and the radius  
 
of the spindle used,  Rsp =12.575 mm. The values obtained have been tabulated in Table  
 
A.1. 
 
 
 
Table A.1. Rotational speed and corresponding shear for UL Adapter and Spindle 
 
N, (rpm) Shear rate, (sec
-1) 
 
10 12.26 
12 14.71 
20 24.52 
30 36.77 
50 61.29 
60 73.55 
100 122.58 
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APPENDIX B 
 
CALIBRATION OF HEAT TRANSFER SECTION 
 
 
 
            This chapter mentions about the calibration procedure for the experimental  
 
measurements of thermocouples with the theoretical temperature values. The calibrated  
 
thermocouples include two bulk temperature thermocouples (Tb,i and Tb,o) and four  
 
surface temperature thermocouples (Ts,1, Ts,2, Ts,3 and Ts,4). The test fluid used for this  
 
process was pure PAO (Royco 602). The thermal properties like specific heat, thermal  
 
conductivity and viscosity of pure PAO were taken at the arithmetic mean of inlet and  
 
outlet bulk temperature. The specific heat of pure PAO was taken from paper[47] and  
 
the thermal conductivity was taken from measured value using THW method and the  
 
viscosity was also taken from measured value using viscometer.  
 
            The calibration was performed both under isothermal condition without supplied  
 
heat and under operating condition with supplied heat. At both conditions, the heat  
 
transfer section was filled with the test fluid.  
 
 
 
B.1. Calibration under isothermal conditions 
 
 
 
            The temperature of each section of heat transfer loop has been measured under  
 
steady state conditions. Due to inherent error in the accuracy of the thermocouples, there  
 
are some discrepancies in the temperature in each thermocouple. Therefore, to guarantee  
 
that all the thermocouples have the same base value before running the heat transfer  
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experiments, temperature data were calibrated under isothermal conditions. The heat  
 
transfer loop has been filled with the test fluid and has been checked to make sure there  
 
is no air inside of the loop. No heat was supplied for isothermal conditions. Then, each  
 
thermocouple data has been recorded. 
 
            Measurements were obtained for all the six thermocouples under equilibrium  
 
isothermal conditions for 3 days. At each day, ten times of test has been running. Each  
 
test included 50 scans. Therefore, the average temperature of 30 tests, total 1500 scans  
 
has been taken as: 
 
 
30
30
1
,
,

 n
imeasured
iaverage
T
T                                   (B.1) 
 
 
 
where i=1,2,3,4,5 and 6 is designated to each of the six thermocouples. Based on the  
 
above values, a total mean was calculated for each of the average values of  
 
thermocouples, expressed as:  
 
 
6
6
1
,
,

 i
iaverage
totalaverage
T
T
                                 
(B.2) 
 
 
Finally, isothermal correction factors (CFiso) were obtained for each of the  
 
corresponding thermocouple based on deviation from the total average, expressed as: 
 
 
 
iaveragetotalaverageiiso TTCF ,,,                            
(B.3) 
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The correction factors are shown in Table B.1.  
 
 
 
Table B.1 Isothermal correction factors for thermocouples 
 
 
 
 
B.2. Calibration under operating conditions 
 
 
 
            The experimental set-up was designed by the assumption that the temperatures  
 
recorded by the surface thermocouples are same for both outside surface and inside  
 
surface of the copper tubing. However, the temperature cannot be perfectly same due to  
 
the limited thermal conductivity of thermally conductive epoxy adhesive used to mount  
 
the thermocouples on the copper tubing, imperfect insulation from the nichrome wire  
 
connection. In addition, there is a thermal resistance between the fluid and the copper  
 
tubing. The measured temperature value is supposed to be little different from the  
 
theoretical value. This difference was taken off using the correction factor under  
 
operating conditions. The heat transfer section was filled with PAO and some amount of  
 
heat was supplied to the loop and the correction factor was obtained. First, the  
 
isothermal correction factors had been applied to each thermocouple, then a series of  
 
CFiso 
Tb,i Ts,1 Ts,2 Ts,3 Ts,4 Tb,o 
0.33 0.01 -0.05 -0.14 -0.13 -0.01 
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calculation has been performed and the heat transfer coefficient and Nusselt number  
 
were calculated then another correction factor for heat transfer coefficient was found.  
 
Then the correction factor was applied to NF-048 as well. The steps involved are as  
 
follows: 
 
 
 
1. The isothermally corrected temperature is defined as : 
 
 
iisoimeasurediiso CFTT ,,,                                     (B.4) 
 
 
2.  The correction factor for heat flux was already found to be 0.82 so it was applied  
 
             to the original heat flux. Then the heat transfer coefficient was found for each  
 
             different heat flux using the difference between isothermally corrected surface  
 
             temperature and bulk temperature. 
 
 
xbiiso
corrected
corrected
TT
q
h
,, 

                                          (B.5) 
 
 
3. Under the laminar forced convection flow based on the constant heat flux  
 
condition, values of local Nusselt number for each xi / D value were found. The  
 
method is described in [59] and uses separation of variables and Sturm-Liouville  
 
theory to obtain an eigenvalue solution in terms of an infinite series function  
 
            which gives local Nusselt number. Nusselt number was almost same as 4.36.   
 
            corresponding local convective heat transfer coefficient, h(x) were also found  
 
             using (Eq. B.6). 
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(B.6) 
 
 
             However, there was a siginificant difference in calculated h(x) and experimental  
 
             hcorrected, so the correction factor for heat transfer coefficient was found.  
 
4. For four surface sections, heat transfer coefficients were obtained and the value  
 
at the lowest point was assumed that it corresponds to Nusselt number of 4.36.  
 
Backwards, the corrected heat transfer coefficient was found as well as the  
 
correction factor, CFh. The lowest heat transfer coefficient values were found for  
 
each heat flux.  
 
5. The correction factor, CFh was applied to all points and the heat transfer  
 
coefficient and Nusselt number at each section were found. Then, it was also  
 
applied to NF-048. 
 
 
 
Table B.2 The correction factor for heat transfer coefficient at each heat flux 
 
 
 
 
 
 
 
 
 
 
             Using correction factors above, the final value of heat transfer coefficient was  
 
             obtained. 
 
 
CFh 
920 W/m
2
 999 W/m
2
 1080.4 W/m
2
 
3.27 3.31 3.81 
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)( correctedh hCFh                                    (B.7) 
 
 
 
 
 107 
VITA 
 
 
            Chan Hyun Park received his Bachelor of Science degree in mechanical  
 
engineering from Hanyang University, Korea in 2008. He entered the Mechanical  
 
Engineering Program at Texas A&M University in September 2008 and received his  
 
Master of Science degree in mechanical engineering in May 2011. His research  
 
interests include microscale heat transfer and energy conversion.  
 
 Mr. Park can be contacted at Dept. of Mechanical Engineering MS 3123 Texas  
 
A&M University, College Station, TX 77843-3123. His email is  
 
chpark2712@naver.com. 
 
 
 
